The knowledge of the initiation and propagation of an upward moving connecting leader in the presence of a downward moving lightning stepped leader is a must in the determination of the lateral attraction distance of a lightning flash by any grounded structure. Even though different models that simulate this phenomenon are available in the literature, they do not take into account the latest developments in the physics of leader discharges. The leader model proposed here simulates the advancement of positive upward leaders by appealing to the presently understood physics of that process. The model properly simulates the upward continuous progression of the positive connecting leaders from its inception to the final connection with the downward stepped leader (final jump). Thus, the main physical properties of upward leaders, namely the charge per unit length, the injected current, the channel gradient and the leader velocity are self-consistently obtained. The obtained results are compared with an altitude triggered lightning experiment and there is good agreement between the model predictions and the measured leader current and the experimentally inferred spatial and temporal location of the final jump. It is also found that the usual assumption of constant charge per unit length, based on laboratory experiments, is not valid for lightning upward connecting leaders.
Introduction
As a lightning downward stepped leader approaches the ground, upward discharges develop from protruding grounded objects such as trees, Franklin rods or sharp corners in buildings. These upward discharges, called connecting leaders, propagate towards the downward moving leader trying to make connection with it. When any upward leader successfully intercepts the downward stepped leader, a conductive path is created through which the high lightning current is drained to the ground. In order to avoid any damage produced by the lightning flash to the struck object, the place where the successful upward connecting leader is initiated is designed to safely conduct the lightning current to the ground. Thus, guard wires and Franklin rods are usually used to intercept downward stepped leaders and protect grounded structures such as power transmission lines and buildings against the harmful lightning currents. Each guard wire and Franklin rod has a given lightning protection zone limited by the maximum lateral distance that the initiated upward leader can propagate to attach the downward stepped leader before it strikes either the ground or other grounded point [1] .
In order to evaluate the lightning protection zone for isolated masts and transmission lines, Eriksson [2, 3] proposed a pioneering method which evaluates the inception and propagation of the upward connecting leader. He used the critical radius concept [4] to compute the distance between the tip of the downward stepped leader and the structure when an upward leader is initiated from it. This distance is usually referred to as the striking distance [2] . In addition, he considered that the connection of the downward leader with the newly initiated upward leader depends on the relative velocities of both leaders, and the interception is only possible within a defined geometric volume. The lateral extension of this volume is defined by the interception of the parabolic loci defined by the downward/upward leader velocity ratio (taken as unity by Eriksson) and the striking distance. Thus, if the stepped leader enters into this collection volume, it is then assumed that there is a successful connection between the two leaders.
Later, Dellera and Garbagnati [5, 6] proposed a more sophisticated method of analysis compared with Eriksson's, which involves the simulation of the propagation of both leaders based on electrostatic calculations. The progression of the leaders is modelled by finite line charges and the direction of each following segment is assumed to be given by the maximum electric field vector in front of it. The relative velocity of the leaders is varied between 4 and 1, but no details were given about the way this variation was implemented. The charge per unit length of the upward leader was assumed to be constant and equal to 50 µC m −1 from laboratory experiments, whereas the downward leader charge was estimated as a function of the prospective return stroke current.
On the other hand, Rizk [7, 8] suggested an iterative process to determine the maximum lateral distance of the downward leader where the connection with an upward leader initiated from a tall grounded structure takes place. For a given lateral distance of a downward leader, the initiation of the upward leader from the studied structure was computed with his own criterion [9, 10] . Then, the propagation of the upward leader is followed by assuming a unit downward/upward leader velocity ratio with a velocity vector directed towards the tip of the unperturbed downward leader propagating towards the ground. The connection between both leaders is decided when the mean potential gradient between the tips of the leaders is equal to the streamer gradient taken as 500 kV m −1 . The upward connecting leader was modelled as a channel with constant average gradient from a semi-empirical expression for leaders under switching impulses.
Because of lack of knowledge available at the time these models were proposed, they used different leader inception models and assumed different upward leader properties as well as different velocity ratios. Consequently, large differences are found between the predictions obtained from each model. Nevertheless, there is nowadays better knowledge of the physical parameters involved in the propagation of upward leaders. This fact is partly due to the experiments conducted at instrumented tall structures [11, 12] and the use of triggered lightning techniques [13] [14] [15] [16] and partly due to the improvement in theoretical leader inception and propagation models [17] [18] [19] .
Thus, the results of different experiments with natural and triggering lightning suggest that it is not possible to generalize the behaviour of upward connecting leaders as in [2, 3, [5] [6] [7] [8] . For instance, it has been observed that the temporal evolution of the upward leader velocity in lightning triggered experiments does not follow a well-defined pattern but instead changes from flash to flash [13] . Also, there are some doubts about the validity of using parameters of leaders obtained in laboratory to describe upward connecting leaders. For these reasons, a better leader progression model should be capable of self-consistently estimating the physical properties of upward leaders. These include the charge per unit length, the injected current, the leader channel gradient and the velocity of the upward leader under the influence of a downward moving leader. With this objective in mind, a physical model to simulate the initiation and propagation of positive upward connecting leaders from grounded structures is introduced in this paper. Initially, the model evaluates the initiation of upward connecting positive leaders considering the dynamic conditions imposed by the descent of the downward leader [20] . These conditions include the time variation of the electric field produced by the stepped leaders and the space charge associated with streamers and aborted leaders produced before the stable leader inception takes place. Once the upward leader is incepted, the model self-consistently simulates its propagation based on the analysis of the total charge of the corona streamer zone in front of the leader tip. In this way, the leader velocity as well as the injected current and the charge per unit length of leader are calculated as it propagates towards the downward stepped leader. The model results are validated by comparing its predictions with the data obtained in an altitude triggered lightning experiment [14] .
Physics of the upward leader propagation model
In order to theoretically analyse the propagation of positive connecting leaders under the influence of down-coming stepped leaders, it is necessary to use self-consistent models both for the inception and for the propagation of the positive leader. Bondiou-Clergerie et al [21] presented a onedimensional simulation of the main physical leader processes which was applied to a triggered rocket experiment. However, the set of equations that were used to derive the leader and corona front velocities, the leader current and other important physical parameters were not given.
Recently, Becerra and Cooray [19] introduced a selfconsistent leader inception model based on the physics of the conversion of streamer to leader [17, 18, 22] . In [20] , they also implemented their model to dynamically evaluate the inception of upward positive leaders considering the time variation in the electric field produced by the stepped leaders and the space charge associated with streamers and aborted leaders produced before the stable leader inception takes place. In this paper, the Becerra and Cooray leader model [19, 20] is extended and improved for the study of the advancement of the upward connecting leader up to the final jump.
At the beginning of the analysis, the streamers that occur before the leader inception takes place are modeled as in [20] . If the energy input supplied by the streamers is high enough to increase the temperature of the stem above a critical value (around 1500 K [22] ), the first leader segment is created (unstable leader inception). This transition from streamer to leader takes place if the total charge Q in the second or successive corona bursts is equal or larger than about 1 µC [22] after at least one corona burst (first corona). Then, the leader starts propagating with corona streamers developing at its tip, which sustain the thermal transition and advancement of the leader head [22] .
Thus, the simulation of the leader propagation is started by evaluating the first leader segment and the corona charge in front of it. The model uses the electrostatic representation of the corona zone in front of the leader channel tip proposed by Goellian et al [18] . This representation assumes that the streamers created from the tip of the leader channel have a constant potential gradient E str across the corona zone. Then, the charge simulation method (CSM) [23] is used to compute the total corona charge required to satisfy this condition, assuming that the streamers split into many branches defining a conical volume [24] . The leader channel is represented by finite lines with increasing length and a point charge at its tip, while the corona streamer zone is modelled using generalized ring segment charges of uniform charge density as is shown in figure 1 . A detailed explanation of the CSM calculation can be found in [19] .
Once the corona charge of the first leader segment is computed, the lengths of the following newly created leader segments (l L(i) for i = 2, 3, . . .) are computed using the constant relation between leader current I L and velocity ν L proposed by Bondiou and Gallimberti [17] :
where q L is the charge per unit length necessary to achieve the transition from the streamer corona to a new leader segment in the active region in front of the leader channel. It assumes that the advancement of the leader (i.e. the leader velocity) is determined by the current collected by the leader head due to the streamer filaments converging into it. This current determines the energy input at the leader head for the transition from streamers to a new filamentary leader channel [17] . The leader velocity is proportional to the current through the parameter q L which represents the charge per unit length required to thermalize a new leader segment. Hence, the position of the leader head during each simulation step l L(i) is computed from equation (1) as
where Q(t − t) is the total corona charge at the front of the leader tip during the previous simulation time step.
The total corona charge Q(t) during the following simulation steps is computed with the CSM calculation, considering the leader tip potential and the potential produced by the ring charges used to model the preceding corona zones during previous steps. In order to improve the calculation of the leader tip potential presented in [19] , the thermohydrodynamical model of the leader channel proposed by Gallimberti [22] is used here. The Gallimberti's model relates the gradient along the leader channel directly to the injected charge through it. Thus, the radius a L(i) and electric field E L(i) of each ith leader segment produced during each simulation time step t are computed as follows:
where p o is the atmospheric pressure and γ is the ratio between the specific heats at constant volume and constant pressure. In this way, a more reliable value for the potential and radius of the leader is obtained during its propagation towards the downward stepped leader, in comparison with the results obtained with the semi-empirical equation of Rizk [9] used in [19] . The continuous propagation of the upward leader can be modelled with the previous equations and by considering the parameters shown in table 1. At this point, most of the input parameters of the model are quite well-known quantities except the charge per unit length q L . Since the propagation characteristics of the leader are strongly influenced by q L (see equation (2)), a discussion on the physical meaning of this parameter and how to extract it from the available data is warranted here.
Essentially, the charge per unit length q L is inversely correlated with the amount of energy transferred into heat from 
the total energy available in front of the leader tip. The more energy at the leader tip is converted into thermal energy, the less charge from the corona zone is required to thermalize a new leader segment. The total energy available in front of the leader tip is stored in the translational, rotational, electronical and vibrational reservoirs [22] , and it depends mainly upon the potential and radius of the leader tip. The fraction of that total energy which is effectively converted into heat is affected by the humidity content and the available time to transfer that energy [22] . In this way, the energy transfer is more effective with high humidity and low leader velocity, becoming less efficient as the leader speeds up.
In long gap experiments, the charge per unit length q L was initially defined as the ratio between the injected charge and the length of the leader channel. It is also measured as an average proportionality factor between the real velocity and current during the propagation of positive leaders in long gaps [24] [25] [26] .
The average values for the charge q L obtained in laboratory range from 20 to 50 µC m −1 . The variation in the parameter is mainly due to the differences in humidity and the risetime of the applied voltage, the latter defining the leader tip potential. Since the potential of the leader tip remains approximately constant when a voltage with critical time to crest is applied to a long gap [22] , the charge per unit length q L is usually taken as a constant value during the leader propagation.
As for natural lightning, the values of q L obtained in laboratory may be applicable only at times close to the initiation of the upward connecting leaders when the leader is not more than a few metres long. However, as the upward leader extends over many tens of metres, the value of q L may deviate from the laboratory values. This is because the tip potential of an upward leader under the influence of a downward leader is continuously increasing as it propagates while the leader tip potential in laboratory sparks remains approximately constant [22] . Moreover, the axial velocity of leaders in long sparks does not exceed 3 × 10 4 m s −1 , while the velocity of the upward leader has been measured between 10 4 and 1.2 × 10 6 m s −1 [13, 27] . Due to the fact that the charge per unit length q L depends upon both the potential and velocity of the leader, it does not seem correct to take values of q L for lightning studies uniquely based on long gap experiments.
Therefore, it is necessary to make estimates of this parameter from experiments with triggered or natural lightning. Lalande [28] [27] . These upward leaders propagate with velocities ranging from 2 × 10 4 to 3 × 10 5 m s −1 [27] , with increasing continuous current up to about few hundred amperes [29] . Then, if the ratio between the leader current and its velocity at the end of the leader propagation is calculated, a value of q L larger than around 500 µC m −1 can be estimated, which is at least ten times larger than the ones measured in long gaps.
However, due to scanty experimental evidence of the values of the charge per unit length q L , of upward leaders under natural conditions, a theoretical analysis seems to be the best way to obtain physically reasonable values for this parameter. In [22, 24] , Gallimberti proposed a thermodynamic analysis of the transition region where the corona converges to the leader tip in order to estimate q L . It assumes that the creation of a new leader segment takes place when the temperature rise in the transition zone is high enough to produce thermal detachment of negative ions. According to this theory, the charge per unit length q L required to achieve the transition to a new leader segment can be estimated as
where I L is the leader current, f ert is the fraction of the energy transferred into electronic, rotational and translational excitation and f v is the fraction of the collision energy transferred into the vibrational reservoir. The term τ 1 /(τ 1 +τ vt ) represents the fraction of the vibrational energy which can be relaxed into thermal energy during the leader transition time τ 1 in relation to the vibrational relaxation time τ vt . The integral term in the denominator corresponds to the specific power available in the transition zone. It is defined by the product of the current density J and the average electric field E across the transition zone l 1 defined between the leader tip l L and a point l t where the specific power becomes negligible. In this way, the thermal energy is released in the transition zone during the leader transit time
where v L is the leader velocity. This leads to an increase in the temperature in front of the leader until the transition from corona to the new leader channel segment takes place. The parameter K is a constant that involves the critical temperature required for the transition and the density of neutrals in the transition zone. By representing the leader channel as a paraboloid with tip curvature radius of 25 µm, Gallimberti analytically computed the specific power in front of the leader tip and estimated q L under laboratory conditions, in agreement with measured values. In this paper, equation (5) is used to check the physical validity of an exponential-like equation chosen beforehand as an estimate of q L as a function of the computed leader velocity for the case of upward connecting leaders. Thus, during each simulation step the value of q L is taken from this equation for the current computed leader velocity v L and is used in equation (2) . In addition, the specific power input at the tip of the leader Figure 2 . Details of the CSM representation of the leader channel tip and the specific power in the corona zone. The contours correspond to the logarithm of the specific power evaluated also accounting for the effect of the space charge produced during previous steps. channel is computed and equation (5) During the evaluation of equation (5) it is assumed that all the energy is transferred into vibrational excitation (f ert = 0, f v = 1) and that the current density J is approximately equal to the ratio of the leader current I L by the surface of the transition zone at each radial distance from the leader tip. A sketch of the CSM representation of the leader tip and the specific power in the corona zone is shown in figure 2 . The vibrational relaxation time τ vt is taken as 100 µs [22] and the value of the constant K is set in such a way that the value of q L computed with (5) is equal to 65 µC m −1 [29] when the leader velocity reaches 2 × 10 4 m s −1 .
Application of the model to simulate leaders in laboratory experiments
In order to perform a first check of the validity of the model, the propagation of a leader in a 10 m long cone to a plane gap subjected to a switching impulse voltage of 1850 kV with 500 µs time to crest is simulated. In the simulation the charge per unit length q L is computed as a function of the leader velocity according to the equation presented in [28] . Figure 3 shows the temporal and spatial development of the leader channel in the gap (streak image), leader and streamer velocities, the injected charge into the gap and the leader current predicted by the model. In the same figure the measured values of the leader tip position and the injected charge [25] are also depicted for comparison purposes. Note the good agreement between the measured and computed values for the streak image and the injected charge.
Similarly, the present model is used to evaluate the propagation of leaders for the 10 m long gap electrodic configurations reported in [24] . Hence, a hemisphere electrode with a diameter of 0.1 m and sphere electrodes with diameters of 0.6 and 1 m are simulated under the 600 µs time to crest switching breakdown voltage. Since streak images of these experiments are not reported in [24] , only the computed times to breakdown are compared with the measured values. In all the cases, there is good agreement between the computed and measured times to breakdown (with differences lower than 15%).
Propagation of upward leaders: a study case
Unfortunately, there are still not many experiments in the literature that can be used to fully understand the propagation parameters of upward leaders under natural conditions. This is partly due to the fact that in most of the field experiments [13, 16, 27 ] not all the important parameters such as the leader current, the background electric field and the leader speed have successfully been measured simultaneously. To the best of our knowledge, only in the altitude triggered lightning experiment performed by Lalande et al [14] the leader propagation current (lower than 100 A), the background electric field change (measured at 50 m from the wire) and the leader luminosity (with static and streak photography) were measured simultaneously. In this experiment, a rocket first spools out 50 m of grounded wire, followed by 400 m of insulating Kevlar and from it to the rocket tail a second (triggering) copper wire [14] . In this technique a positive leader is first initiated from the top end of the upper floating wire and consequently a negative leader is initiated from its bottom end. In response to this downward moving negative leader, an upward moving connecting positive leader is initiated from the grounded bottom wire section. The data from this experiment are used to test the validity of the present model.
In this experiment, the inception of the upward leader occurred when the electric field change at the ground level at a point located 50 m from the wire reached 10 kV m −1 , while the connection point of the two leaders was located about 20 m from the grounded wire tip. During the triggered flash, the upward leader did not propagate more than a few tens of metres before reaching the final jump state and therefore the experimental data refers only to the early stage of the positive leader propagation.
To test the validity of model predictions, a similar scenario is simulated and the results obtained are compared with the measured leader propagation parameters. In the analysis, the grounded wire segment is simulated by a hemispherically capped grounded rod, while the downward leader is assumed to be a uniform line charge located above the rod and extending downwards from a point located at 450 m above the ground level. The average velocity of the downward leader is taken [14] . The leader charge is computed in such a way that the leader field at the ground level corresponds to the measured electric field change. Since the static background electric field produced by the thundercloud during the experiment was not reported, a typical value of about 15 kV m −1 is taken from the electric field profile measured by Willet et al [15] at an altitude of 50 m. Figure 4 shows the computed streak image, the velocity and current of the upward leader in the altitude triggering experiment, simulated by considering three different cases. The first case assumes a constant charge per unit length q L equal to 50 µC m −1 (case 1), which is used by Dellera and Garbagnati [5, 6] for their leader progression model. The second case takes a constant value of q L equal to 65 µC m −1 (case 2) calculated by Lalande [29] and the latter assumes a changing q L as a function of the leader velocity which is validated with equation (5) (case 3).
As can be clearly seen, when the charge per unit length q L is considered as a constant average value during the propagation of the upward leader (cases 1 and 2), the leader velocity increases drastically, taking unrealistic values larger figure 4(b) ). This causes the simulated final jump to take place much quicker and at a larger altitude than that observed (at 4.37 ms and at about 70 m above ground [14] ).
The disagreement between these cases and the experiment is because a constant q L does not reflect the physical fact that an increase in the leader velocity reduces the efficiency of energy transfer into heat which in turn increases the amount of charge required to create a new leader segment. Hence, the simulated leader will deliberately speed up without maintaining the balance between the leader velocity and the electrostatic energy available in front of the leader.
On the other hand, note the excellent agreement between the computed and measured currents as well as the good agreement with the time and position of the final jump for case 3. A difference with cases 1 and 2 where a constant value for q L is assumed, in this case the predicted time of the final jump (at 4.33 ms), is similar to the value observed experimentally (at 4.37 ms). Furthermore, the computed leader velocity increases reasonably from about 10 4 to 8 × 10 4 m s −1 before the final jump takes place. These results clearly show that the charge per unit length q L of the upward leader cannot be assumed as a constant value and that instead it increases during the propagation of the leader. In this way, the increment in the electrostatic energy at the upward leader tip produced by the descent of the downward leader is balanced by the increase in the charge per unit length q L , keeping the upward leader velocity within physically reasonable values, which are also in agreement with the field observations. This fact suggests that a more physical and proper evaluation of the attachment of the downward leader by the upward leader is obtained when q L is self-consistently computed by the leader propagation model. Figure 5 shows the comparison of the final obtained relationship between q L and the computed leader velocity and the values computed by equation (5) for the altitude triggering experiment discussed in this paper. It is important to point out that the obtained values of q L shown in figure 5 apply only for the conditions present in the triggered lightning experiment considered here. Thus, the values of the main properties of upward connecting leader (namely the charge per unit length q L and the leader velocity) under the influence of a lightning downward stepped leader with a given prospective return stroke peak current and average velocity, may differ from those computed in this paper. This is because the conditions at the tip of an upward moving leader depend on the electrostatic conditions imposed by the downward stepped leader. Consequently, different values of the charge required to create a new channel segment q L for that case are expected. The analysis of this fact for the propagation of upward connecting leaders is the subject of a future publication.
Conclusion
An improved physical leader propagation model is introduced in this paper. It differs from the existing models in such a way that the leader velocity and current are self-consistently computed based on the analysis of the corona charge required to create a new leader segment. It is shown that the charge per unit length of an upward leader cannot be assumed as a constant value equal to 50 µC m −1 as has been considered up to now. Since this parameter depends upon the energy available at the tip of the upward leader, its value depends upon the electrostatic conditions imposed by the descent of the downward leader. Therefore, the upward leader velocity and current are also affected by these conditions. This fact suggests that the upward leader velocity may change for different prospective return stroke peak currents of the downward leader and that it cannot be generalized.
